Background. Intracranial aneurysms are common, occurring in about 1-2% of the population. Saccular aneurysm is a pouch-like pathological dilatation of an intracranial artery that develops when the cerebral artery wall becomes too weak to resist hemodynamic pressure and distends.
Introduction
Intracranial aneurysms are common, occurring in about 1-2% of the population. A saccular aneurysm is a pouch-like pathological dilatation of an intracranial artery that develops when the cerebral artery wall becomes too weak to resist hemodynamic pressure and distends. Unfortunately, the majority of them do not give characteristic symptoms, while vascular diagnostics is recommended only for patients with a family history of aneurysm or subarachnoid hemorrhage (SAH). Some intracranial aneurysms remain stable over time, but in others, mural cells die, the matrix degenerates, and eventually the wall ruptures, causing a life-threatening hemorrhage. Subarachnoid hemorrhage requires urgent diagnosis and treatment due to the high mortality and younger age of onset compared to other cardiovascular diseases. It is particularly important to prevent systemic and cerebral complications, which significantly worsen the prognosis and are associated with the occurrence of new neurological deficits, leading to disability in patients. The most favorable situation would be to diagnose and embolize or clip an aneurysm before SAH. The main problem is the lack of easily detectable, fast-emerging markers in the blood, imaging complications in the course of SAH.
The exact pathogenesis of cerebral aneurysms is not completely known, but it was shown that inflammatory and immunological mechanisms play a dominant role, and that the modifiable risk factors include smoking and high blood pressure. 1 Inflammation in connection with hypertension leads to disturbances in reduction-oxidation (redox) homeostasis in the arterial wall. 2 In such a situation, increased reactive oxygen species (ROS) generation results in oxidative modifications of lipids, proteins and DNA. 3 Brain susceptibility to oxidative stress results from the consumption of large amounts of oxygen, alteration of the blood-brain barrier and bio-activation of glial cells. 4 Moreover, the metabolism of the brain is characterized by the promotion of ROS due to its unique metabolic features, such as neurotransmitter oxidation. 5 Some glial cells and macrophages can produce the superoxide anion (O 2 -), nitric oxide (NO) and hydrogen peroxide (H 2 O 2 ) indirectly through the cytokine activation. 6 Additionally, some brain regions have a high concentration of non-heme iron ions that can catalyze reactive hydroxyl radical formation from hydrogen peroxide. 7 In contrast to the easy triggering of ROS production in the brain, antioxidant defense is rather modest. 8 In particular, the levels of catalase and glutathione peroxidase, enzymes which participate in phospholipid protection, are low in most brain regions and in cerebrospinal fluid (CSF). 9 Therefore, oxidative damage to membrane phospholipids can easily occur in the central nervous system. Brain cells are susceptible to ROS action because of their high phospholipid polyunsaturated fatty acid content, primarily arachidonic acid (AA) and docosahexaenoic acid (DHA). 10 ROS may participate in non-specific lipid peroxidation that proceeds through chain reactions for lipid radicals, which react with oxygen to form a wide variety of products depending on the substrate oxidized. Cyclization and fragmentation are the main fatty acid transformations during free radical reactions.
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The main products of polyunsaturated fatty acid (PUFA) cyclization are prostaglandin derivatives, primarily F2-isoprostanes and F4-neuroprostanes, while fragmentation leads mainly to small-molecule unsaturated aldehydes. F2-isoprostanes are formed in all types of brain cells, mainly during the process of peroxidation of AA, while F4-neuroprostanes are derived from DHA, which is a main component of neuron phospholipids. 12 Both are generated in vivo independently of cyclooxygenases, primarily by free radical-induced peroxidation, and they are more stable than reactive aldehydes. 13 In addition, the products of cyclization have been found to exert potent biological actions, and hence may become mediators of diseases.
14 Therefore, their measurement is currently recognized as the most accurate method of assessing oxidative injury in vivo. It has been shown that the concentration of F2-isoprostanes and F4-neuroprostanes is increased in a number of human brain diseases. 15 The pathogenesis of cerebral aneurysms is not fully understood, and we lack fast and cheap diagnostic tests for them. These facts justify the search for indicators which could also help to assess the metabolic consequences of aneurysms and the results of specific medical treatment. Therefore, in this study we examined the levels of the products of PUFA cyclization in the plasma of patients with aneurysmal SAH in order to determine whether and how the development of a cerebral aneurysm, with or without SAH, affects the neuronal metabolism of phospholipids. The influence of different invasive treatments on brain free radical phospholipid metabolism was also checked.
Material and methods
The plasma samples used in this study were collected from a group of 66 patients, including 35 women at a mean age of 54 years (range: 29-84 years) and 31 men at a mean age of 53 years (range: 38-66 years). Aneurysm was diagnosed in 33 patients (11 women and 22 men) at a mean age of 53 years (range: 29-69 years) and subarachnoid hemorrhage caused by the rupture of aneurysm was diagnosed in 33 patients (24 female and 9 men) at a mean age of 54 years (range: 31-84 years). Hemorrhage was diagnosed by brain computed tomography (CT) and aneurysm was diagnosed by angio-CT and angiography. SAH patients were evaluated at admission according to the Glasgow Coma Scale (GCS), the Hunt--Hess scale and World Federation of Neurosurgeons Scale (WFNS), which define neurological condition in relation to the size of hemorrhage. [16] [17] [18] The size of hemorrhage and cerebral edema in CT was rated on the Fisher scale. 19 The patient's medical history takes into account information which could affect the marked parameters, such as chronic diseases, drugs used in the past month, smoking, and alcohol use. The routine tests included electrocardiography (ECG) and basic blood diagnostic tests. The control group consisted of 66 healthy subjects -35 women and 31 men, average age 54 years (range: 27--79 years) ( Table 1 ). All the participants were matched for sex, age, diagnosis, and blood test results. The results of the parameters of healthy subjects and patients from all groups are outlined in Table 1 . The exclusion criteria were as follows: pregnancy, lack of written consent or recent treatment with certain medications, including non-steroidal antiinflammatory drugs, steroids and oral contraceptives.
The study commenced after obtaining approval from the Local Bioethics Committee at the Medical University of Bialystok (Poland), and written informed consent was obtained from all patients.
Samples and laboratory measurements
Blood samples were drawn by venipuncture and collected into heparinized and non-heparinized tubes. Samples were centrifuged at 2000 × g, at 4°C for 20 min to obtain plasma and serum. An antioxidant, butylhydroxytoluene (BHT), was added to the plasma samples before storing them to prevent oxidation. Samples were stored at -80°C until analyzed.
The serum samples were used to take laboratory measurements, including morphology, electrolyte and creatinine levels, and glucose and coagulation panels.
Biochemical assays
Total F2-isoprostane and F4-neuroprostane levels were quantified using the modified liquid chromatographymass spectrometry (LC-MS) (Agilent, Santa Clara, USA) methods of Coolen and Fam, respectively, which have been described in detail. 13, 20, 21 In short, F2-isoprostanes and F4-neuroprostanes were isolated using the solid phase extraction (SPE) method, after an alkaline hydrolysis step. All analyses were performed using an Agilent 1290 ultra-performance liquid chromatography (UPLC) system interfaced with an Agilent 6460 triple quadrupole mass spectrometer with electrospray ionization source (ESI) (Agilent). The separation was performed using a reverse phase C18 column and linear gradient with water (pH 5.7) and acetonitrile (Sigma-Aldrich, Darmstadt, Germany). As an internal standard, 8-isoPGF2α-d4 (Cayman Chemical, Ann Arbor, USA) was used. F2-isoprostanes were analyzed in negative ion mode using multiple reaction monitoring (MRM). The plasma 8-isoPGF2 was determined as total 8-isoPGF2 containing free and esterified 8-isoPGF2. The limit of detection (LOD) was 30 pg/mL, at a signal-to-noise ratio of 3. The limit of quantitation (LoQ) for the standard F2-isoprostane was 60 pg/mL, at a signal-to-noise ratio of 10. The precision of LoQ was 8.25% (coefficient of variation -CV). The linear dynamic range was 60-6000 pg/mL. F4-neuroprostanes were analyzed by selected ion monitoring (SIM) in the m/z 357, as a series of peaks that have molecular masses and retention times expected for F4-neuroprostanes generated from the oxidation of DHA (Sigma-Aldrich) in vitro.
Statistical analysis
Data pertaining to continuous variables were expressed as mean ±SD. The χ 2 test was used for testing hypotheses pertaining to categorical variables. The normal distribution of quantitative data was verified using the KolmogorovSmirnov test, with corrections performed by the Lilliefors test and the Shapiro-Wilk test. The significance of differences between the groups was tested with the Mann-Whitney U test and the Kruskal-Wallis test. For the comparison of dependent variables, the Friedman test was used with the adjusted Conover post hoc test. A p-value of <0.05 was considered statistically significant. All statistical analyses were performed using Stata/IC v. 13.0 (StataCorp, College Station, USA).
Results
The results obtained in this study seem to indicate that aneurysm development leads to a significant increase in the plasma level of lipid peroxidation products, such as F2-isoprostanes and F4-neuroprostanes (more than 2-fold and 8-fold, respectively). The rupture of an aneurysm additionally increases the level of these parameters in comparison to healthy subjects (Table 2) .
Mean concentrations of F2-isoprostanes in patients with an unruptured aneurysm amounted to 235% of that found in the control group and to 264% of that in patients with subarachnoid hemorrhage. The difference in isoprostane concentration between patients with a ruptured and unruptured aneurysm was not as substantial, reaching merely 9%. The plasma concentration of F4-neuroprostanes was significantly higher than that of F2, reaching 1027% in the aneurysm group and 1141% in the aneurysm and SAH group as compared to healthy subjects. When comparing the patients with unruptured and ruptured aneurysms, the values for patients with SAH were found to be 10% higher. The iso-and neuroprostane plasma levels with additional information concerning the patients are listed in Table 2 .
Due to the mean age of 50.08 years in all treated patients, a concentration of oxidative stress parameters was rated above and below 50 years. Table 2 shows the values of F2-isoprostane and F4-neuroprostane levels in the age groups; the marked p-value for the healthy and aneurysm patients is not statistically significant, whereas in the group with hemorrhage, the concentration of F2-isoprostanes is significantly higher, with p < 0.05. The concentration of F2-isoprostanes and F4-neuroprostanes were also compared in diversity by gender, described using the Mann-Whitney U test, but there was no statistically significant difference between men and women.
The size of an intracranial aneurysm had a statistically significant impact on plasma F2-isoprostanes at the time of hemorrhage, with p < 0.05. The results are shown in Table 2. The values of F4-neuroprostanes are higher for several intracranial aneurysms at admission and discharge.
A number of factors have an effect on oxidative stress, including chronic diseases, inflammation, smoking, and alcohol abuse. The influence of the above-mentioned factors on the value of F2-isoprostanes and F4-neuroprostanes was taken into consideration in the group of patients with SAH at the time of onset and at discharge. These parameters are shown in Table 3 . The group of alcohol-abusing patients was too small to carry out credible statistical analysis.
Each SAH patient was examined neurologically on admission to the Department of Neurosurgery (Clinical Hospital of Medical University of Bialystok, Poland), after their medical history was taken. Neck stiffness was observed in all patients and Kernig's sign was present in 64% of patients. We observed the following focal symptoms in 5 patients: hemiparesis, blurred vision, and speech impairment in the form of motor and mixed aphasia. The remaining patients presented only neck stiffness. The Hunt-Hess scale illustrates neurological condition in relation to the degree of impaired consciousness and changes in the brain CT scans. There was no statistically significant difference between these groups of patients, but the values of measured parameters decreased faster in patients with less neurological deficit.
Dependence of the iso-and neuroprostane concentration was assessed in relation to the WFNS. The clinical grading system is based on the GCS and on the presence of neurological symptoms. Grade I without motor deficit was observed in 24 people and was compared with patients in the other stages. We observed 2 patients in both grade II, with impaired orientation, and grade IV with motor deficit and significant impairment of consciousness. The results did not differ in these groups. Indeed, a statistical decrease was recorded during hospitalization. The Fisher scale is based on changes observed in brain CT scans performed for each patient on hospital admission. Grades 1 or 2 were found in 11 patients with a small amount of blood in the subarachnoid space. Grade 3 was found in 4 of them with hematoma in the subarachnoid space and in 18 patients with blood perforation into the ventricular system. There was a statistically significant difference in the concentration of F4-neuroprostanes at discharge between grades 2 and 3 on the Fisher scale, with p < 0.05.
Edema was observed in brain CT scans of 20 patients with subarachnoid hemorrhage. The analyzed parameters of oxidative stress were higher in the case of F4-neuroprostanes, but showed no statistical significance, with p > 0.05. On the other hand, intracerebral hematoma appeared in 6 patients; its presence did not affect plasma isoprostanes (p = 0.4975) or neuroprostanes (p = 0.3559) in the blood. However, for patients without intracerebral hematoma, the value of the F4-neuroprostanes decreased significantly faster, visualizing higher expiration of oxidative stress, with p < 0.05.
Each patient hospitalized in the course of SAH was monitored by transcranial Doppler (TCD) for vasospasm. This complication occurred in 17% of patients; the evaluated iso-and neuroprostane levels are shown in Table 3 . The average values of F4-neuroprostanes were higher at admission and discharge in the case of vasospasm, falling significantly during hospitalization only in patients without vasospasm.
Aneurysms were embolized in 19 patients; in the remaining 14 patients, aneurysms were successfully clipped after angiography in all cases. Additionally, stress parameters were measured for 23 patients after the surgical procedure. The mean concentration of F2-isoprostanes increased by 7.8% on average after aneurysm treatment, and at discharge it decreased by 30.9%, representing 25.5% below baseline. Comparing the types of surgical intervention, lower values of isoprostanes can be observed after embolization, with a direct decrease during hospitalization (Fig. 1) .
The mean values of neuroprostanes are several times higher, falling gradually after onset (Fig. 2) .
This decrease since hospital admission is more significant in the case of embolized aneurysms. The distribution of concentration for clipping is also connected with an initial postoperative increase, as in the case of F2-isoprostanes. 
Discussion
An intracranial aneurysm, usually formed at cerebral artery bifurcations, is the result of pathological changes reducing the strength and stretching of the arterial wall, and hemodynamic blood flow, to which endothelial cells are exposed. 22, 23 The loss of endothelium continuity and exposure to collagen leads to thrombus formation, in which blood cells get trapped. Trapped platelets release platelet growth factors that react with the receptors of muscle cells, leading to proliferation. 24 Moreover, the concomitant release of vascular endothelial growth factor (VEGF) increases endothelial permeability, thus facilitating the accumulation of lipids and plasma proteins, including antibodies and complement components in the arterial wall. Neutrophils, trapped in the thrombus, are a source of proteases and other cytotoxic and pro-inflammatory compounds which increase oxidative stress and damage the intima and media. 25 Therefore, it is suggested that chronic inflammation is the primary reason for arterial wall degeneration. 1 An increase in macrophage, T cell and leukocyte infiltration in the wall produces ROS that can modify the protein and lipid components -extracellular as well as cellular -and in consequence, the atherosclerotic walls contain accumulated lipids. The accumulation of lipids and lowdensity lipoproteins (LDLs) in the intima of the cerebral artery walls over time leads to intimal thickening and to changes in their structure, and finally, their functions. It refers particularly to brain membrane phospholipids that contain a high content of highly PUFAs, including arachidonic acid, linoleic acid, and docosahexaenoic acid. 26 When they are attacked by ROS, peroxidation products are formed with peroxides first, and consequently, an increase in lipid peroxidation is observed. 27 Moreover, PUFA peroxidation is enhanced in the presence of transition metal ions, such as copper and iron ions. Iron is found throughout the brain, and damage to brain tissue releases iron ions in a form which is capable of catalyzing free radical reactions, such as hydroxyl radicals formed from hydrogen peroxide or lipid peroxidation. Unfortunately, CSF has no significant ability to bind any released iron ions, which further promotes lipid peroxidation in the central nervous system (CNS). 28 A relatively stable group of lipid peroxidation products is the prostaglandin-like compound group, including F2-isoprostanes and F4-neuroprostanes, whose levels are also significantly enhanced during aneurysm development, as was shown in this study. It confirms that the non-enzymatic mechanisms of oxidation of AA esterified at the sn-2 position of different cells of cellular and lipoprotein phospholipids, and DHA esterified at the sn-2 position of neuron phospholipids play an important role in brain diseases, since F2-isoprostanes are formed mainly during the peroxidation of AA, the most abundant in all types of cells, whereas F4-neuroprostanes are derived from DHA, in which neurons are particularly rich.
29 F2-isoprostanes and F4-neuroprostanes are recognized as specific markers of lipid peroxidation and are superior to other markers of oxidative damage. The elevated level of prostaglandin derivatives has been observed in a number of human CNS diseases linked to oxidative stress. 30, 31 The level of these compounds was also significantly increased in the plasma of patients with aneurysm, where the F2-isoprostane and F4-neuroprostane levels were approx. 3-fold and 10-fold higher than in the controls.
Further endothelial dysfunction, loss of muscle cells and the infiltration of inflammatory cells escalate inflammation and matrix degradation in the wall of the aneurysm, and lead to its rupture. 32, 33 This study revealed that aneurysm rupture was accompanied by an additional increase in F2-isoprostanes and F4-neuroprostanes. The number of such accidents increases with age. The average age for subarachnoid hemorrhage in the literature is 60 years. In this study, the average age for SAH was 54 years and women accounted for 72% of them. Female gender was also rated in the previous meta-analyses as a risk factor of rupture. 23 Another general factor influencing aneurysm rupture is smoking. Smoking patients made up half the cases in the study group, which also coincides with previous analyses, because in Europe, 45-75% of patients with ruptured aneurysms are smokers. In the general population, this incidence rate is 20-35%. The factors increasing the risk of rupture are polycyclic shape and size, the most commonly ruptured aneurysms being between 6 and 15 mm. Assessing the size, only 18% of ruptured aneurysms were larger than 10 mm. The extravasation of blood into the subarachnoid space during aneurysm rupture causes a decrease in superoxide dismutase (SOD) activity in erythrocytes, which reduces their antioxidant ability and is conducive to increased membrane lipid peroxidation. The disintegrating erythrocytes become a source of free iron ions released from hemoglobin, which may participate in the Fenton reaction, leading to the formation of hydroxyl radicals (
• OH) and an increase in cascade radical reactions. 34 This is accompanied by the release of pro-inflammatory factors, leading to local and systemic inflammation. 35 As a result of this release from a ruptured artery and the migration in the course of inflammatory leukocytes, comes the mass overproduction of free radicals and increased oxidative stress. Irritation of the arteries by the breakdown of hemoglobin products manifested by spontaneous vasospasm is particularly hazardous. 36 The result might be brain tissue damage by ischemia-reperfusion or development of a delayed ischemic neurological deficit (DIND). The activated microglia and macrophages generate superoxide anion and hydrogen peroxide as well as the release of pro-inflammatory cytokines, such as IL-1, IL-6 and TNF-α, resulting in oxidative stress generation with subsequent lipid peroxidation. A particularly exacerbated inflammation and lipid peroxidation was observed in a study of younger patients (<50 years of age), suggesting a faster accumulation of systemic inflammatory responses. In addition, we observed a higher level of F4-neuroprostanes in the case of several cerebral aneurysms. Additional symptoms consistent with focal brain injury, such as hemiparesis, blurred vision, and motor and mixed aphasia, occurred in 5-15% of patients, much less than in the previous studies. The F2-isoprostane and F4-neuroprostane concentrations showed a greater decrease, providing for a faster stabilization of the prooxidative -antioxidative balance in asymptomatic patients with focal CNS injury, as well as in patients in the best condition according to the Hunt-Hess scale and the WFNS, based on the GCS. In our observation, the advancement of hemorrhagic and edemic changes observed in the brain in the course of SAH did not correlate with the parameters of oxidative stress in the blood, which has been observed in CSF. 37 The neurosurgical treatment of SAH patients diagnosed with a ruptured aneurysm consists of clipping or coiling as less invasive techniques. Aneurysm embolization was performed in 19 patients, which accounted for 58% of patients. In the remaining 14 patients, the aneurysms were clipped after angiography. A gradual restoration of brain metabolic homeostasis by embolization and clipping is shown by a target decrease in the level of plasma F2-isoprostanes and F4-neuroprostanes.
A complication occurring in the course of SAH was vasospasm, observed in 17% of patients, imaged by TCD. This value is much lower than estimated in previous studies, which affects 67% of patients, with a focal onset of symptoms in 24-32% of patients. 36 The cause may be the quick exclusion of the aneurysm from the systemic circulation and the implementation of a "triple-H" treatment on hospital admission. In the case of vasospasm, the F4-neuroprostane level was higher with a slower decrease than in patients without this complication. In the recent publications, mortality was estimated at 30-40%. 38 The above study recorded only 1 death. This fact could have been due to the center's experience in aneurysm embolization and clipping conducted in the Neurosurgical Intensive Care Unit, and the prevention of complications.
In conclusion, it was revealed that aneurysm leads to an increase in the cyclized products of PUFA peroxidation (F2-isoprostanes and F4-neuroprostanes). However, the rupture of an aneurysm results in hemorrhage and an additional increase in the examined prostaglandin derivatives. Embolization and clipping of aneurysms contribute to a gradual restoration of metabolic homeostasis in brain cells, which is visible in the decreasing level of the examined lipid peroxidation products. These parameters, F4-isoprostanes in particular, could be useful in monitoring the onset of intracranial aneurysm development and the effectiveness of therapy.
